Fluorescence polarimetry has been used to determine the relative partial-wave Auger decay widths for transitions to states of the Xe II 5p 4 6p multiplet after photoexcitation of the Xe * 4d 5/2 −1 6p͑J * =1͒ resonance by linearly and circularly polarized synchrotron radiation. Combination with data on the angular distribution and spin polarization of the Auger electrons, providing information on the relative phases of the amplitudes, constitutes the complete experiment on the Auger decay. Multiconfiguration relativistic calculations of the amplitudes have been performed and compared to the measurements.
I. INTRODUCTION
Quantum reactions are completely characterized by the absolute magnitudes and phase differences of the complex amplitudes of transitions between the initial state and each of the degenerate final states (channels). Hence the complete set of experimental data signifies that from which all of the amplitudes can be extracted. From this information any observable can be predicted, hence providing data for the most comprehensive test of theory [1] . In recent years many experimental investigations of photoelectron and Auger electron emission following inner-shell excitation have been motivated by the quest for such a complete experiment. In this paper we focus on the complete experiment for the photoinduced resonant Auger decay: the resonant atomic-core photoexcitation and its subsequent relaxation via the Auger decay [2] .
Any experiment can be considered complete only with respect to a model describing the process under investigation. In the case of resonant Auger decay, we imply the twostep model where the direct photoionization is negligible and the amplitude of the resonant process is treated as a product of the excitation and decay amplitudes [3] . Apart from the total intensity, these assumptions make the description of the resonant Auger decay independent of the dipole photoexcitation amplitudes, keeping as the goal of the complete experiment only the determination of the Auger decay amplitudes of the core excited atomic state. In this respect the resonant Auger decay is similar to the normal Auger decay. On the other hand, a single electron emitted after the photoabsorption (in contrast to the two outgoing electrons in the normal Auger decay) makes the analysis of the complete experiment for the resonant Auger decay rather similar to the case of direct photoionization.
Several schemes for feasible experiments yielding information on the Auger decay amplitudes have been discussed theoretically already almost 15 years ago [4] . The main showcase subjects for the complete experiments have been the photoionization and Auger decay of rare-gas atoms. A wide range of experimental techniques have been used to gain information about these processes including highresolution electron spectroscopy [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , fluorescence measurements on the residual ion [16, 17] , spin-polarization measurements on the emitted electrons [18] [19] [20] [21] [22] [23] [24] [25] [26] , and measurement of their angular distribution [14, [27] [28] [29] [30] [31] . Significant progress has been made due to advances associated with the development of third generation synchrotron radiation sources and spin-polarization detection techniques. However, as was demonstrated recently [21, 23] , a complete set of data, which allows extraction of the amplitudes, cannot be obtained solely from the properties of the emitted photoor Auger electrons. Generally a combination of different experimental techniques is required to provide the complete information [25, [32] [33] [34] . Measurements on the residual ion, especially of its alignment and orientation, give access to two additional experimental quantities and can provide the lacking number of independent dynamical parameters. Unlike the parameters of the angular distribution and spin polarization of the outgoing electrons, the ion alignment and orientation are not related to the phase differences between the transition amplitudes and therefore allow extraction of the relative partial cross sections for transitions into different channels. The method of combining data from observations of photo/Auger electrons with the data on the alignment and orientation of the residual ion has been used in Refs. [25, 26] for inner-shell photoionization and normal Auger decay processes. For example, in the case of their investigation of the photoionization of Xe from the 4d shell these authors determined the orientation and alignment of the residual ion from the angular distribution and spin-polarization measurements on the subsequent Auger electron.
In this paper we consider the complete experiment for the resonant Auger decay after photoexcitation with synchrotron radiation (SR) of the strong and well isolated Xe * 4d 5/2 −1 6p resonance. The validity of the two-step model is well established for this process [11, 15, 28] . It was also indirectly confirmed theoretically by calculations of the orientation and alignment of the residual ion in the resonant Auger decay of the similar 3d 5/2 −1 5p state in krypton [35] . The whole process including the subsequent radiative relaxation of the final ionic Xe +* 5p 4 6p states can be described as follows:
␥ SR + Xe → Xe * 4d 5/2 −1 6p͑J * = 1͒ ͑ 1a͒
Xe +* 5p 4 ͑L c S c J c ͒6p͓K͔ J + e A − ͑ᐉj͒ ͑ 1b͒
Xe +* 5p 4 ͑L c ЈS c ЈJ c Ј͒6s,5d͓KЈ͔ J Ј + ␥ FL .
͑1c͒
Here Racah notation is used for the Xe II ionic levels, while orbital ͑ᐉ͒ and total ͑j͒ angular momenta of the Auger electron e A − characterize different decay channels (corresponding to emission of different partial waves of the Auger electron) for a residual ion with total angular momentum J. The amplitude of the Auger decay with emission of the ᐉj electron is described by a complex reduced Coulomb matrix element,
where ͉V ᐉj ͉ is the (non-negative) absolute value of the decay amplitude, ␦ ᐉj is its phase, and where the energy of the electron is omitted for brevity. The relative amplitudes depend only on the absolute ratios ͉V ᐉj ͉ / ͉V ᐉ Ј j Ј ͉ and the phase differ-
For states with J = 1 2 only two amplitudes contribute to the process (1a)-(1b) and in this case only three real parameters have to be determined. In contrast, for the Auger decay to ionic states with J Ͼ 1 2 , five independent parameters are necessary to completely characterize the Auger decay step within a relativistic approach. These parameters characterize the amplitudes of the three allowed channels and their phase differences. One of the five required parameters, the absolute total Auger width, can be excluded, if we consider relative decay amplitudes instead of their absolute values [36] . For Auger decay from a J * = 1 initial state, the interdependence of the four relative parameters, which can be found from the measurement of the angular distribution and the spin polarization of the Auger electrons, has been given explicitly in Ref. [37] , thereby demonstrating that these methods alone cannot provide the complete information. However, measurements of the alignment and orientation of the discrete ionic Xe +* 5p 4 ͑L c S c J c ͒6p͓K͔ J states after the Auger decay provide additional parameters, which complete the data on the Auger decay step in Eqs. (1a)-(1b). These results can be provided by analysis of the degree of linear and circular polarization of the fluorescence ␥ FL induced by linearly and circularly polarized radiation ␥ SR , respectively. It should be noted that the resonant Auger decay investigated here differs from previous complete experiments on the Auger decay [22] [23] [24] [38] [39] [40] in that the polarization of the residual ion state needs to be accessed in a different manner, namely by the fluorescence, because this is the only relaxation pathway for the excited ionic states. The fluorescence decay channel of the residual ion has been used already for complete characterization of the resonant photoionization of subvalence atomic shells in Ca and Sr [41, 42] .
The combination of fluorescence measurements with those of measurements on the emitted electron was demonstrated recently for the resonant Auger decay (1a)-(1b) in the special case of decay to an ion with J = 1 2 [32] . An ion with J = 1 2 can only be oriented and not aligned and so only measurements on the residual ion using circularly polarized excitation and detection analysis provides new information. The absolute ratio of the partial Auger decay amplitudes was extracted in Ref. [32] from the ion orientation parameter and the combination of the fluorescence data with spin polarization [22] and angular distribution [14, 31] measurements of the Auger electron for the same process provided the phase shift between the two amplitudes.
In the present paper we extend these results by presenting linear and circular polarization measurements following the Auger decay to substates of the Xe II 5p 4 6p multiplet with J Ͼ 1 2 , thus obtaining experimentally the relative partial widths for these transitions and allowing us to compare them with the theoretical calculations. In comparison with the previous experiments with linearly polarized SR [17] , we use a synchrotron radiation source with a higher degree of variable polarization and a higher brilliance allowing us to obtain results of much better quality in terms of their statistical accuracy.
To provide a meaningful analysis of the data we performed a set of relativistic multiconfiguration calculations of the Auger decay amplitudes, extending previous theoretical studies of the resonant Auger decay of the Xe * 4d 5/2 −1 6p state [15] [16] [17] [43] [44] [45] [46] [47] [48] [49] .
The paper is structured as follows. Section II gives a description of the experimental techniques used and summarizes the obtained polarization fluorescence data. Section III describes the procedure of extracting the polarization parameters from these data and presents the deduced values of alignment and orientation of the residual ion. In Sec. IV the relative partial Auger decay widths are determined from these data, while in Sec. V the fluorescence polarization data are combined with those from electron spectroscopy of other authors in order to get further information on the Auger decay amplitudes. In Sec. VI the dynamical models used in the calculations of the decay amplitudes are outlined, followed in Sec. VII by a comparison and discussion of the experimental and theoretical results.
II. EXPERIMENT
The experiments were carried out at the ELETTRA storage ring in Trieste (Italy) on the "Circular Polarization" beamline. The monochromatized SR provides in the photon energy region around 65 eV an energy resolution of up to 10 meV and a photon flux of about 10 12 photons/sec in a focal spot of about 50ϫ 50 m 2 . For the present experiment the slits of the monochromator were set to 50 m resulting in a photon energy bandpath of about 30 meV. An elliptical undulator produces linearly polarized light of high purity ͑P L ജ 0.99͒ and almost pure circular polarization ͑P C Ͼ 0.98͒.
The experimental setup for measurements of the degree of polarization of the ion fluorescence is similar to that used in previous work [17, 32] , but is briefly outlined here for clarity. The Xe atoms were flowed into the vacuum chamber via an effusive nozzle of diameter 300 m to give a background pressure of 5 ϫ 10 −5 mbar (background pressure without gas was better than 1 ϫ 10 −7 mbar). The fluorescence from the residual ions, which are produced after the resonant Auger decay, is collected and made parallel by a convex lens of 5 cm focal length. The lens assures fluorescence collection within a cone of 5°around the z axis defined by the direction of propagation of the synchrotron beam. Outside the experimental chamber the fluorescence light was propagated through polarization optics to allow its degree of polarization to be determined. Subsequently, this light was refocused onto the entrance slit of a high-resolution fluorescence spectrometer (Jobin Yvon HR460) for spectral analysis. The resulting wavelength dispersed photons were registered on a liquidnitrogen-cooled charge-coupled device. The dispersed fluorescence spectra were recorded using a spherical grating of 300 lines/ mm giving a spectral resolution ⌬ of 0.2 nm. With this resolution it was possible to register the entire investigated spectral region ͑400-600 nm͒ with a single setting of the grating position. A higher spectral resolution ͑⌬ = 0.08 nm͒ was achieved with an 1800 lines/ mm grating and used for an unambiguous assignment of the fluorescence lines.
Analysis of the linear fluorescence polarization was performed after excitation with linearly polarized SR by propagation through a sheet polarizer (Pol) [see Fig. 1(a) ]. The degree of linear polarization P L was determined by recording spectral intensities with the axis of the polarizer placed parallel to the electric-field vector of the exciting SR, I ʈ , and after a rotation of 90°of the polarizer, I Ќ . Application of the following equation then yields P L :
In the case of excitation with circularly polarized SR, analysis of the degree of circular polarization P C of the fluorescence was required. For this purpose the geometry was modified by the addition of a rotatable broadband quarter waveplate introduced in front of the sheet polarizer [ Fig.  1 (b)]. P C was then determined following excitation with right-handed circularly polarized light (i.e., with helicity +1) by keeping the axis of the linear polarizer parallel to the y axis and recording the intensities when the fast axis of the quarter waveplate was placed at +45°͑I R ͒ and −45°͑I L ͒ with respect to the y axis:
In order to show the overall intensity distribution of the visible fluorescence emitted from the residual Xe II 5p 4 6p ions following excitation of the Xe * 4d 5/2 −1 6p͑J * =1͒ state at ␥ SR = 65.1 eV, the sum of spectra I ʈ and I Ќ is displayed in the lowest panel of Fig. 2 . The wavelengths of the lines analyzed in this paper are given in Table I where their assignment is given using jK notation of Ref. [50] and the order of presen- tation of the Xe II 5p 4 6p states follows previous publications [17, 31] . Only lines which are well resolved were analyzed for polarization dependence and therefore not all lines shown in the spectrum are tabulated in Table I . A selection of lines presented in Table I is identified in Fig. 2 using the numerical notation shown in the first column of Table I to identify the initial state and the number in parentheses indicates the final state. For example, the fluorescence line at 460.303 nm is given the numerical designation 6(1), where 6 refers to the initial state of the fluorescence, 5p 4 ͑ 3 P 2 ͒6p͓1͔ 3/2 , and (1) refers to the final state, 5p 4 ͑ 3 P 2 ͒6s͓2͔ 3/2 , in the order presented in Table I . The identification of the other observed lines can be obtained with the help of Table II in Ref. [17] , where the relative intensities are given for each transition. For the assignment of the individual fluorescence lines, the highresolution spectra were used in combination with the tables of spectral lines for Xe II [50] and Xe III [51] .
The results of our linear and circular polarization analysis to determine the values of P L and P C are visualized as a histogram in the upper part of Fig. 2 and the numerical values are listed in Table I . The final spectrum for each polarization setting used in the above analysis is the sum of eight individual spectra and the errors given in Table I were calculated including statistical and systematic errors.
Numerous checks were performed to ensure selfconsistency of the data. For determining the degree of linear polarization, for instance, a convenient internal calibration of the data exists in that fluorescence lines from Xe II 5p 4 6p states with J = 1 2 cannot be aligned and hence show a vanishing linear polarization. Fluorescence transitions originating from J = 1 2 states are distributed throughout the spectral region of interest. To remove any possible wavelength or polarization dependence of the detection system the intensities of the spectra were normalized such that each of these lines showed zero polarization. This correction leads to a maximal change of the intensities of the order of only 5%. The consistency of the circular polarization data was also verified by measuring the degree of polarization using three separate methods: changing the helicity of the SR, rotating the sheet polarizer by 90°and rotating the quarter waveplate by 90°. Each of these methods gave similar results and the resulting errors quoted in Table I are calculated from the standard deviation of these values.
III. ORIENTATION AND ALIGNMENT OF THE IONIC STATES
The next step of the analysis is to deduce, from the above fluorescence polarization data, the orientation A 10 ͑J͒ and alignment A 20 ͑J͒ transferred to the Xe II 5p 4 6p states during the Auger process. As can be seen from Table I , the values of P C and P L measured for transitions from the same Xe II 5p 4 6p state to different final states differ in magnitude and even in sign. This is due to the fact that the degree of polarization is also dependent on the total angular momentum of the final state of the radiative transition JЈ. Another factor, which needs to be taken into account when extracting orientation and alignment from the polarization data, is the depolarization of the initial Xe II 5p 4 6p states before fluorescence takes place. These points are illustrated by the equations connecting P C and P L to A 10 and A 20 [52] :
where ␣ k ␥ are known intrinsic anisotropy parameters for the emitted radiation, which depend only on the angular momenta of the initial ͑J͒ and final ͑JЈ͒ ionic states in the radiative transition:
Here and below we abbreviate â = ͱ 2a + 1 and use the standard notations for the nj symbols. In Eqs. (5) and (6) 
The factors D k ͑J͒ are treated within the isotropic model of the radiation cascade, which has been justified in our case [17] . They can be presented in a product form, D k ͑J͒ = D͑J͒G k ͑J͒, with the factor D͑J͒ due to the cascade depolarization and the factors G k ͑J͒ due to depolarization caused by hyperfine interactions. The cascading depolarization factors D͑J͒ have been presented in Ref. [17] for all the Xe II 5p 4 6p states with J Ͼ (4), respectively. The factors G k ͑J͒ are calculated similar to Ref. [17] by making use of the assumption of well isolated hyperfine structure levels according to
where the summation over F runs over all possible values of the total angular momentum F ជ = J ជ + I ជ with I ជ being the nuclear spin. In order to find the final results for G k ͑J͒ the subsequent weighting according to the abundances of the Xe isotopes was done. This procedure leads to the values
Values of the orientation and alignment parameters, extracted from the measured values of P L and P C are presented for all the final ionic states in the last columns of Table I .
Although the values of A 10 C and A 20 L extracted from different fluorescence lines, but originating from the same ionic state, are consistent, the values presented in Table I were obtained from the data, marked by the bold-type characters. Similar to Ref. [17] , the criteria have been the intensity of the lines and the possibility to separate them completely from other closelying transitions.
IV. EVALUATION OF RELATIVE PARTIAL DECAY WIDTHS
As the first application of our data, we deduce the relative partial decay widths ⌫ ᐉj / ⌫ for Auger transitions from the Xe * 4d 5/2 −1 6p͑J * =1͒ state to the Xe II 5p 4 6p manifold. Within the two-step model of the Auger process the alignment and orientation parameters of the residual ion produced after the Auger decay take the form [52, 53] 
In this expression = J + j + k + 1 and we introduced the partial decay width ⌫ ᐉj =2͉V ᐉj ͉ 2 for emission of the Auger electron into the ᐉj continuum and the total width ⌫ = ͚ ᐉj ⌫ ᐉj . Equation ( The error bars for the relative widths were determined by propagation of the errors in the polarizations P L , P C , and in the depolarization factors D͑J͒. The results for the relative partial widths (branching ratios) will be discussed in Sec. VII.
To visualize the polarization transfer during the Auger decay and its connection to the partial widths, we present as an example a graphical illustration of the angular momentum distributions for the decay to the ͑ 3 P 2 ͒6p͓3͔ 7/2 state (no. 5, see Table V) following excitation with circularly polarized light. In the case of excitation with right-handed circularly polarized light only the angular momentum substate with M J * = + 1 is populated in the ͑J * =1͒ initial state. The subsequent Auger decay to an ion with J = 7 2 involves emission of d 5/2 , g 7/2 , and g 9/2 partial waves, which give distinctly different polarization distributions of the residual ion. This is shown in Fig. 3 , which was produced using a semiclassical description of the angular momentum vector distribution [54] ,
where is the angle between the angular momentum vector and the quantization axis and P k ͑x͒ are the Legendre polynomials. Adding these distributions with coefficients given by the partial widths into each channel (given in Table V) results in the angular momentum distribution, which governs the fluorescence polarization. In the particular case illustrated in Fig. 3 it can be seen that the Auger decay is dominated by emission of the d 5/2 wave, which results in a positive orientation of the angular momentum distribution of the ion. Hence the angular momentum of the ion with all decay channels taken into account also shows a positive orientation (positive M J states are preferentially populated) as can be seen by the positive value of A 10 C for this state (no. 5 in Table  I ).
V. COMBINATION OF FLUORESCENCE AND ELECTRON SPECTROSCOPIC DATA
To gain information about the phase differences of the Auger decay amplitudes (2) the fluorescence polarization data need to be combined with measurements on the angular distribution and spin polarization of the Auger electron, de- 
where is the angle between the directions of Auger electron emission and the quantization axis, I 0 denotes the total intensity of the Auger decay, and A 20 = A 20 ͑J * =1͒. The anisotropy parameter is expressed in the general form as
where ͑j 1 m 1 , j 2 m 2 ͉j 3 m 3 ͒ is the Clebsch-Gordan coefficient.
(ii) The dynamical spin-polarization parameter 2 describes the spin component of the Auger electrons following excitation with linearly polarized radiation [55, 59] ,
where the notation used is the same as in Eq. ͑12͒ and
͑15͒
Explicit expressions for the parameters ͑13͒ and ͑15͒ in the [14] to determine the anisotropy parameter for the individual Auger transitions investigated in this paper. The spinpolarization parameter 2 has been measured for some of the resonant Auger lines of our interest by Hergenhahn et al. [22] . The difficulty of spin-polarization measurements, however, is the low collection efficiency and the resulting low resolution. Therefore completely resolved experimental data for all transitions are presently not available. Figure 4 to be real and therefore the data for ⌫ s 1/2 in Table II (related to ͉V s 1/2 ͉ by the expression ⌫ ᐉj =2͉V ᐉj ͉ 2 ) are represented by a point with an error bar on the real axis. Since the fluorescence data give no information on the phase ␦ d 3/2 , the data in Table II (Table II) as well as those in the measurement of ␣ 2 [14, 31] .
Therefore the experimental data on the amplitudes for a final Xe II state with J = the experimental point (with error bar) on the Re V ᐉj axis for the V s 1/2 amplitude and the intersection of the rings with striped sectors for the V d 3/2 amplitude. The angle between the real axis and the vector from the origin to the above intersection gives the complex phase. For the particular case of state no. 19, the positive sign of the relative phase follows experimentally from the spin polarization data [22, 32] , as shown in Fig. 4(a) . For the other three states only the solutions with Im V d 3/2 Ͻ 0 are left on the plots in accordance with the theoretical calculations. Together with the results from Auger electron data, the present fluorescence data for the decay into the J = 1 2 states presented in Fig. 4 constitute the complete experiment: the relative complex Auger decay amplitudes are fully determined. The complex Auger decay amplitudes calculated using the theoretical model outlined in Sec. VI are represented by the bold vectors and will be discussed in that section. It should be noted that in these plots we do not present the Auger line no. 4, unresolved in Refs. [14, 31] , or the very weak line no. 20 because of large error bars (see Table II ).
For the Xe II 5p 4 6p states with J Ͼ 1 2 , when three decay amplitudes are involved, there are not enough data available in order to display the amplitudes in a transparent form within the complex plane. Therefore we use the following strategy: having determined the absolute relative amplitudes, ͉V ᐉj ͉ / ͉V ᐉ Ј j Ј ͉, in Sec. IV we introduce them into Eqs. (A6), (A7), (A10), (A11), (A14), and (A15) from the Appendix. This procedure yields equations with only three variables: either ␣ 2 or 2 and the two phase differences ␦ 1 and ␦ 2 (see the Appendix for the notation of ␦ 1 and ␦ 2 specific for states with different J's). In our case, however, only the ␣ 2 parameters are available from the literature [14, 31] . Introduction of these ␣ 2 parameters into Eqs. (A6), (A10), and (A14) yields parametric relations between ␦ 1 and ␦ 2 . The black bold lines in the plots of ␦ 1 vs ␦ 2 in Figs. 5 and 6 are the graphical illustration of these parametric relations using the ␣ 2 parameters from Ref. [31] [except for the plots Fig. 6(b) where the data of Ref. [14] are used due to their smaller error bars for this state]. The shaded area on these plots is the parameter space filled due to propagation of the error bars of the experimental determination of partial widths (see Tables III-V) and those of the Auger electron parameter ␣ 2 from Refs. [14, 31] together with the condition that ͚ ᐉj ⌫ ᐉj / ⌫ =1. If the value of at least one of the amplitudes is much smaller than the others, the relative phase of the small amplitude is not essential and actually cannot be extracted with high enough accuracy to be compared with theory. This situation is quite frequent, as is seen from Tables II-V. It is for this reason that Figs. 5 and 6 show only the selected examples, where the error bars in the reduced parameter space allow a meaningful comparison of experiment and theory.
Furthermore, one can show by calculating the Jacobians for sets of equations for ␣ 2 and 2 with respect to ␦ 1 and ␦ 2 , that at each J the parameters ␣ 2 and 2 are independent provided the absolute values of the amplitudes are nonvanishing. Therefore if the parameters 2 are available then Eqs.
(A7), (A11), and (A15) can be reduced using the above procedure; a nontrivial solution occurs for ␦ 1 and ␦ 2 and the complete experiment can be, in principle, performed. Before analyzing the obtained results we turn to the theoretical description of the Auger decay amplitudes.
VI. CALCULATION OF AUGER DECAY AMPLITUDES
Detailed information about the calculational procedure may be found, e.g., in Refs. [60, 61] . In particular, the bound state wave functions of the Auger state Xe * 4d 5/2 −1 6p͑J * =1͒ and of the ionic final states Xe II 5p 4 6p are constructed using the multiconfigurational Dirac-Fock (MCDF) computer code GRASP92 [62] . Intermediate coupling and configuration mixing were taken into account for the ionic states, while the Auger state 4d 5/2 −1 6p͑J * =1͒ is very well described in a pure coupling single-configuration approximation [45] . To follow the evolution of the results, when new ionic configurations are included, we have performed a series of computations by increasing stepwise the number of ionic configurations in the wave-function expansions: (a) . In order to calculate the Auger amplitudes, separately optimized orbital functions from the initial and final ionic states were used and hence include some of the relaxation effects. However, no attempts have been made to incorporate completely the nonorthogonality effects into the computations. Model (e), which we use as the final model in our calculations, is close to those of Tulkki et al. [45] and Aksela et al. [15] (FE model), except that a larger set of configuration state functions is used in the representation of the ionic states. The computations differ also slightly in the generation of the bound and continuum orbitals. For the calculation of the continuum wave functions we solved the one-electron MCDF equations for each final scattering state with angular momentum J ជ tot = J ជ + j ជ separately taking into account the proper direct and exchange potentials [63] . For these continuum functions orthogonality is enforced with respect to the bound state orbitals of the same symmetry but is obtained automatically for different symmetries of the continuum orbitals as well as for different J tot owing to the angular momentum selection rules. Each continuum orbital is therefore used for exactly one manyelectron Auger decay amplitude (2). The normalization and the phase shifts (scattering phases) of the continuum orbitals are deduced using the WKB method [64] .
The phase shifts ᐉj are determined by the (energynormalized) asymptotic behavior of the continuum wave functions, p −1/2 sin͑pr − ᐉ /2− p ln 2pr + ᐉj ͒, where p = ͱ͑Ry͒. These shifts are important for the description of the Auger electron parameters. In the Condon-Shortley phase convention used here the Auger decay amplitudes (2) can be written in the form V ᐉj = i ᐉ exp͑−i ᐉj ͒u ᐉj , where u ᐉj refers to the real reduced matrix element of the electron-electron interaction between the initial bound and the final scattering state, and is built up from Slater integrals and angular coupling coefficients. The scattering phases ᐉj are related to the phases of the decay amplitudes ␦ ᐉj in Eq. (2) by
where sgn x =1 if x ജ 0 and sgn x =−1 if x Ͻ 0. Tables II-V contain the relative partial decay widths ⌫ ᐉj / ⌫ and the phase
model (e), allowing calculation of any relative observable quantity for the resonance Auger decay (1a)-(1b). Note that the variation of the relative phases ␦ 1 and ␦ 2 by from state to state (see Tables II-V) are caused by the last term in Eq.
(16). The relative phase ␦ 2 is due to the relativistic effects, which cause differences between the electron continuum wave functions with the same ᐉ and different j: ␦ 2 reduces to 0 or ± provided the relativistic effects are negligible. In our calculations ␦ 2 deviates from these values only within 5°, pointing to a small influence of relativistic effects on the outgoing electron waves. Table VI presents the branching ratios of the Xe II 5p 4 6p Auger lines. The corresponding high-resolution data were obtained in Refs. [14, 15] . Our calculations are in good agreement with other theoretical MCDF-based calculations [15, [43] [44] [45] , but deviate substantially for some lines from Refs. [47, 48] . These deviations can be attributed to a less sophisticated treatment of the Auger electron-residual ion interaction in Refs. [47, 48] : neglecting the small components and using a semiempirical form of the scattering potential. Although already the single-configuration model (a) reproduces the experimental relative Auger line strength quite satisfactorily, including new ionic configurations generally improves the agreement with experimental data (states 3, 7, 8, 9, 17, 18) . Despite the overall good agreement between theory and experiment, there is one striking discrepancy for the 5p 4 
VII. DISCUSSION
Our theoretical and experimental results for the relative partial widths (Tables II-V) are in a good qualitative and often quantitative agreement, except for a few cases. The theoretical results are also in accord with the calculations of Lagutin et al. [16] : the only exception is the extremely weak line no. 20 (Table II) , which is strictly forbidden in the pure coupling single configuration approximation and is very sensitive to small details of the theoretical models. Experimental data for this state were obtained with large error bars and we omit state no. 20 from the following discussion. The configuration mixing only weakly influences the branching ratios between the different partial widths, therefore it is not illustrated here. Especially stable are the results for the states with J = Tables II-V is then partly explained by the fact that the Auger decay into the s and g channels is forbidden for the 5p 4 3 P and 5p 4 1 S core states of the residual ion. Examples of the analysis for the partial Auger widths were given in Ref. [32] .
Despite the general agreement of experiment and theory, there are a few deviations showing that there is room for more sophisticated models of the resonant Auger process considered. For example, for the state 5p 4 ͑ 1 D 2 ͒6p͓3͔ 7/2 (no. 16), the main reason of the above-mentioned large disagreement between theory and experiment for the decay rate (see Table VI ) is an overestimation of the contribution from the g 9/2 channel (see Table V ). The overestimate of the g channel appears to be a regularity (see states 5, 18), which points to an effect not included in the theoretical calculations.
More information can be gained from the complex Auger decay amplitudes. Figure 4 visualizes the relation between theory and experiment on the level of the decay amplitudes for the ionic states with J = 1 2 . Experiment and theory are in a good agreement for the states ͑ 1 D 2 ͒6p͓1͔ 1/2 (no. 19) and ͑ 3 P 1 ͒6p͓0͔ 1/2 (no. 8), while there are disagreements in both the relative phase and the absolute amplitudes' ratio for the states 7 and 13. Note that for state 8 no part of the amplitude complex plane satisfies simultaneously the anisotropy parameter ␣ 2 determined in Ref. [14] and our measurements (the corresponding ␣ 2 parameters in Refs. [14, 31] are also in contradiction) and that only data from Ref. [31] are used in Fig. 4(c) . The calculated relative phases (not the phases themselves) are only slightly dependent on the number of accounted final ionic configurations: models (a) and (e) exhibit not more than a 2°difference in s 1/2 − d 3/2 . Disagreement in the relative phases are likely related to the simple one-electron model for the continuum Auger electron. An additional argument for the latter statement follows from results of the complete experiment for the normal Auger decay in sodium, Na +* ͑2s2p 6 4p 3 P͒ → Na ++ ͑2s 2 2p 52 P͒ + e A − ͑s , d͒ [40] . In this example the improvement of the description of the ionic core crucially changed the branching ratio, but did not influence the phase difference, s − d . Note that the values of ␦ s 1/2 − ␦ d 3/2 are not far from ± / 2, which can result in a large dynamic spin polarization of the Auger electrons in ͒ . When discussing the shape of these plots it should be considered that they are the result of the combination of the parameters 1 , 2 , and ␣ 2 with Eqs.
(A6), (A10), and (A14). Taking, for example, Fig. 5 , it can be seen that the reduced parameter space for states 6 and 11 is centered around ␦ 2 =0 (in agreement with the theoretical predictions). These plots correspond to a negative ␣ 2 and 2 Ӷ 1 ( 1 is always small for decay to states with J = 3 2 due to the small relative amplitude of the s 1/2 wave for all states, see Table III ). On the other hand, for states 12 and 17 the reduced parameter space is centered around ␦ 2 = ± (again in agreement with theory) and corresponds to a positive ␣ 2 and 2 Ϸ 1. Furthermore, there is some correlation between the values of ␣ 2 and 2 . For example, if ␣ 2 is strongly negative and 2 Ϸ 1, no values of ␦ 1 and ␦ 2 can be found to satisfy Eq. (A6) (likewise for strongly positive values of ␣ 2 and 2 Ӷ 1).
The fact that the combination of experimental values gives a reduced parameter space in these plots is a demonstration of their consistency. Similar discussions can be made for the plots involving decay to states with J = The error bars for ␦ 1 and ␦ 2 can be read from Fig. 5 . Taking, for example, state 6 shown in Fig. 5(a) , ␦ 1 is constrained to the intervals ͑− ,− + 1.1͒ and ͑ , − 1.1͒ while ␦ 2 = 0.0± 1.5. These error bars are still rather large in spite of the reduced parameter space shown in the figure. However, by assuming vanishing relativistic effects (i.e., ␦ 2 = 0 for this state), it is even possible to obtain a rather accurate phase difference (except the sign): ␦ 1 = ±͑2.1 −0.1 +0.2 ͒. Generally, there is a good correlation between the calculations and the phase parameter plots: the theoretical results fit or almost fit into the reduced parameter space. Similar to the case of J = 1 2 , the sensitivity of the calculations to inclusion of more ionic configurations is small (not shown): the relativistic splitting, the ␦ 2 parameter, remains always small or close to ±, while the phase difference between the continuum electron waves with different ᐉ, the ␦ 1 parameter, changes only slightly, especially for the states with J = 5 2 and 7 2 . The latter is in accordance with the discussion of the branching ratios and can be attributed to the fact that correlations within the ionic core have a stronger effect on the s wave, which is more localized near the nucleus than the d and g waves subjected to the repulsive centrifugal force. Note that despite some qualitative disagreements in the relative partial widths between theory and experiment (states 11, 2, and 16 in Tables III-V) and especially the crucial disagreement in the relative intensity of the Auger line no. 16 (Table VI) , the relative phases of the decay amplitudes for these states are still within the error bars. This explicitly demonstrates that only use of the complete set of data can evaluate the validity of a theoretical model.
In Refs. [47, 65] the destructive interference between the three emitted partial waves has been suggested as a mechanism of decreasing the dynamic spin polarization of the Auger electrons in the resonant Auger decay process (1a)-(1b) for the final ionic states with J Ͼ 1 2 . Close inspection of the present results leads to a more accurate conclusion. For states with J = 3 2 and J = 5 2 only two decay channels dominate, d 3/2 and d 5/2 ͑ 1 Ӷ 1͒, with a small relativistic splitting between the phases of the corresponding amplitudes ͑␦ 2 Ӷ 1͒. Then it follows from Eqs. (A7) and (A11) that 2 Ӷ 1. This situation corresponds to two decay channels with a small phase difference between the two amplitudes and has been analyzed a long time ago [66] .
VIII. CONCLUSION
The relative partial widths of the resonant Auger decay to almost all final Xe II states of the 5p 4 6p configuration have been measured by means of fluorescence polarimetry in combination with resonance photoionization by both linearly and circularly polarized synchrotron radiation. Combination of these data with the data from the angular resolved Auger electron spectroscopy allowed the determination of the complex relative partial decay amplitudes for the states with J = 1 2 and therefore the complete experiment to be performed. We proved that with our measurements and analysis of the fluorescence polarization after the Auger decay the complete experiment is possible for the final ionic states with J Ͼ 1 2 , when three decay channels contribute. The present analysis results in a significant reduction of the amplitudes' parameter space and in a substantial contribution to the complete experiment for the states with J Ͼ 1 2 . Our theoretical calculations based on the relativistic multiconfigurational DiracFock model are generally in a good agreement with the experimental data, although further improvements of the model are needed to achieve better agreement. We found that the theoretical results are rather stable with respect to mixing of configurations in the final ionic states and the most important improvement is expected to arise from a more precise description of the Auger electron continuum wave functions. The developed method can be used for performing complete experiments in photoionization when the photoion remains in an excited state decaying by radiation emission. 
APPENDIX
Below are presented explicit expressions for the parameters (10), (13) , and (15) in terms of the partial amplitudes of the Auger decay 4d 5/2 −1 6p͑J * =1͒ → 5p 4 6p͑J͒ + ᐉj. Notations
